Abstract
INTRODUCTION
Because of the high specific impulse achievable using hydrogen, it is the propellant of choice for solar thermal propulsion.
To increase hydrogen's storage density, it must be stored as liquid.
Since solar thermal orbit transfers are relatively long (30 days or more), special technology is required for the long-duration storage of cryogens.
Fortunately, the same technology developed for long-duration storage of cryogen propellants can also be used in the design of propellant delivery systems for solar thermal propulsion. By using the cryogen storage technology to also provide the propellant delivery function, the solar thermal vehicle will not need the extra complexity, weight, and cost of an auxiliary pressurant system. This paper explains the methods and trades for applying this cryogen storage technology to future solar thermal propulsion applications.
BACKGROUND
For storing cryogens in space for long durations with minimal boiloff loss, two key technologies have been developed; Multilayer Insulation (MLI) and Thermodynamic Vent Systems (TVS) (Knoll 1991 , Stark 1967 , Bullard 1972 , Aydelott 1985 in the system to provide some control of the heat removal process and for destratifying the stored fluid when required. Figure 1 shows a photograph of typical laboratory TVS components (Seigneur 1993).
KEY APPLICATION FACTORS
The primary design challenge for applying long-duration cryogen storage technology to solar thermal missions is to balance the design of the MLI and the TVS to meet the mission profile.
The MLI design must be tailored to allow the just enough heat into the tank needed for self-pressurization, while the TVS design must betailored to provide therequired propellant flowrateandsimultaneously remove therequired amount of heat fromthetankto maintain a safetankpressure. Because of thelowflowratesandrelativelylongorbit transfers of solar thermal propulsion, thisbalance canbeachieved. In theISUSmission, forexample (Jacox 1996) , theflow rateis approximately 5 gm/sec andthrusting occurs roughly onceperorbitoverthe 30 day orbittransfer.Thrusting durations range fromabout 4 minutes to about15minutes, andthe time between thrustings ranges from1-1/2hours toabout 10hours. Whenthevehicleis notthrusting, thepropellant tankis "locked-up" --nopropellant is vented.Thistimeis usedto allowthe tankto self-pressurize frompassive heating. Duringthrusting, propellant andheat areremoved fromthetankby operating theTVSsystem.
Specifically, thepropellant storage anddeliverysystem must bedesigned suchthatthepressure dropin the tankthatoccurs duringa giventhrusting periodbalances withthe anticipated pressure risethatwill occurin the followinglock-upperiodsothatthe deliverypressure is recovered just priorto the startof the next thrusting. Thepressure dropduringthrusting is a functionof propellant removed andthe amount of heat removed with the TVS system.Thepressure rise duringlock-upis drivenby the designof the tank's insulation, theduration of the lock-up period, andthe amount of liquidremaining in thetank. These factors andtheirassociated design margins arediscussed next. 
where m is the propellant outflow rate, hfg is the latent heat of vaporization, x is the quality of fluid leaving the tank (x= 0 for saturated liquid and x= 1 for saturated vapor), Pv and Pl are the densities of saturated vapor and liquid in the tank respectively which are both a function of tank pressure, Qw is the heat rate into the tank, and tL and tT are the lock-up and thrusting durations respectively.
Thermodynamic Vent System
When including the operation of the TVS into the equation, the new equation representing the balance between the heat into the tank and the heat removed by the TVS and the propellant mass removal becomes (Jacox 1996): QwtL + QwtT = (Qtvs + mhfg(Pv/(Pl-Pv)))tT (2) where Qtvs is the cooling capacity required of the TVS, and the other terms are as before. This equation is based on simplified thermodynamic equations for designing and analyzing the performance of TVS and fluid mixers (Lin 1991).
Since it is unlikely that the flow rate and the ratio of the lock-up to thrusting duration will all be fixed for a given mission, a solar thermal TVS will have to have an adjustable heat removal capacity, Qtvs. This calls for an "Active TVS." An active TVS has a mixer as an integral component to its heat exchanger. The mixer drives the flow of the bulk fluid in the tank through one leg of the heat exchanger, while the other leg of the heat exchanger contains the venting flow downstream of the J-T expander. By varying the run time of the mixer during propellant flows, the heat removal rate of the TVS can be adjusted.
Self-Pressurization From Background Heating
When the tank is locked-up between thrusting, the background heat that enters the tank through the MLI will cause the pressure to rise. The MLI system can be designed to provide the desired heat rate into the tank, Qw, and a heater on the In practice the actual pressure rise rate is higher than this homogeneous rate in normal gravity. By operating a mixer to thermally destratify the fluid, the pressure rise rate can be made to approach this homogeneous rate (Lin 1991) .
where Qw is the heat rate into the tank which is a function of the background temperature and the tank's insulation, V is the volume of the tank and d_ is the energy derivative which is a function of the tank pressure and the average fluid density at saturated, two phase conditions. The effect of the energy derivative, #, on the pressure rise rate is that the pressure rise rate will be greater for low liquid fill levels than for high liquid fill levels.
This means that near the end of the orbit transfer, when the tank is nearing empty, the pressure will rise more quickly than it did earlier in the orbit transfer. When designing a cryogen storage system, therefore, the required amount of insulation should be calculated for the conditions at the latter stages of the orbit transfer.
In the microgravity environment of orbit the actual pressure rise rate may be lower than the homogeneous rate (Lin 1992) .
A factor that may affect the actual pressure rise is tank surface wetting. During the early portions of the orbit transfer when the tank is nearly full, it is possible that the entire inside surface of the tank is in contact with liquid while the vapor forms a bubble that is not in contact with the walls.
The pressure rise rate will be less under these conditions.
Flight tests with simulant fluids have shown that conditions can occur where the liquid becomes superheated, followed by sudden pressure rises (Hasan, 1993 (Hasan, & 1996 . By using a mixer, the pressure rise rate can be made to approach the homogeneous rate.
Design Margin
Given the uncertainties about the actual heat rate and the resulting pressure rise rate, an actual system must be designed to accommodate these uncertainties. 
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On the launch pad, where atmospheric pressure surrounds the tank, the insulating performance of the MLI is degraded.
To improve this situation, a Helium filled purge bag can be used around the tank. During launch, the atmospheric pressure around the tank drops rapidly so that the heat loads during ascent are not significant. Figure  4 shows a schematic of a typical minimum TVS delivery system suitable for solar thermal nusslons.
EXAMPLE MINIMUM SYSTEM
Starting from left to right, there is a liquid acquisition start basket to insure that liquid enters the system, followed by the J-T expander and then the heat exchanger to remove heat from the tank, then out through the tank wall to an on/off control valve and then into the thruster.
The secondary leg of the heat exchanger, with an integral mixer, uses fluid from the bulk volume of the tank. is flowing to the thruster, running the mixer will increase the heat removal through the heat exchanger. no-flow conditions, the mixer can be used to destratify the fluid in the tank to Under affect tank pressure.
Note that a start basket is used to perform the role of liquid acquisition.
Since the tank will be accelerated during thrusting, the propellant will settle rather rapidly forgoing the need for larger liquid acquisition (LAD) devices.
The start basket can be sized to insure that enough liquid is fed into the delivery system for the earliest portion of a thrusting before the propellant settles. Other solar thermal TVS systems use a larger LAD with an integral passive TVS heat exchanger (Cady 1996a (Cady & 1996b . This is an option that may also be employed.
To measure propellant flow, two different methods are shown on the schematic. One flow measurement simply uses a delta pressure measurement across the J-T expander. The other uses a turbine flowmeter.
Actual flow rates and pressures for a given application should drive the selection of which method is best for that application. 
TYPICAL SYSTEM TESTING REQUIREMENTS

